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  l!u a mty$vd  ¡¢£d½  pOpryd½vkxd[y{mnqrl¨»Sp  v  vOmton¢©v[z¨sCprl¸u  pro£yz@y{ud[e»SprotonpU¢bmtl~qÊu a d  d[}@wxm  d[ed[l¸u{y
pO» rë¥ `a d#sCprlu  protond[  vOmton¢©v[zYl~dLu¹¢£p {Ï sCprlxy{myu{ypO»Ýu  vOs Ï yL¡{wxlxsCu{mnprlxybvOlxkyu{vu{mtprlxy¢bmtu a prl~d
p  ep  d$otvu»Sp  ey[¥=?WvOs a u  vOmtlu  v[¤Od  yd[yWu a dblxdLu¹¢£p {Ï »=proonp:¢bml~qv4qronpO|$vOoy{s a d[xwxond.¢ a mts a xdCÔl~d[y
v¨u{mtedLu{v|$ondÊvOlx v  prw~ud¦sCprlxy{mty{u{mtl~qÎpO»4yu{vu{mnprlxyL¥ `ba d  vOmton¢©v[z\sCprlu  probyzyud[e*sCpreewxlxmsLvud[y
¢bmnu a u  vOmtl$y¤mtv v\epO|$mond¦¢bmtxdv  d[v l~dLuË¢Wp {Ï 5k§ $  ¥   uewxyud[lxy{w  dku a vuu  vOmtlxy~p l~pOu
sCprototm~d¦vOlx u a vu½u a dLz  d[yd[sCuvOy½ewxs a vOypry{y{mt|$ondYu a d[m  y{s a d[$wxondO¥   u½e½v[z ev Ï dEu  v[¤Od[ootmtl~q
ep  dsCpre»=p  u{v|$ond|@zv[¤Oprmtxml~q#v|  wxxus a vOlxqOd[yWmtlu  vOmtlydLd[xyL¥   lvOxxmtu{mnprl¡Ou a dbsCprl¸u  pro%yzyud[e
ewxyu  pU¤@m~d.u a dbyu{vudeprlxmnup  mtl~qªpO»u a du  vOmtlxyÝprl½u a d  vOmtot¢£v:zlxdLu¹¢£p {Ï vOlxd&d[sLw~udsCp { d[sCu{mn¤Od
vOsCu{mnprlxy7prl\u  vOmtl y{s a d[$wxond[y#mt»©lxdLd[~d[¥ `a d½upOpronpOqOz¨pO»u a d  vOmton¢©v[z!lxdLu¹¢£p {Ï ev:zÍs a vOlxqOdÈ»Sp 
d&~vOe$ondY¤mtvku a dYvO$xmnu{mnprl pO»bu  vOs Ï y[¥ `  vOmtlxyev:zÍ|dÊ~z@l$vOemtsLvOotonz¨mtl¸u  pxwxsCd[ p  d[epU¤Od[ vu
yu{vu{mnprl$y©pO»Qu a d  vOmton¢©v[zÈl~dLu¹¢£p {Ï ¥£hd[l~d  vOoonz½yd[v Ï mtl~q~¡epryu©$v  vOedLud  y©pO»Éu a d  vOmtot¢£v:z½l~dLu¹¢£p {Ï
sLvOl¦¤v  zYxw  ml~q7u a dd&@d[sLwxu{mnprlÊpO»Ýu a dsCprl¸u  proÉyzyud[eÊ¥
§¨d a v[¤OdkvOxxd[ prl~d¦vOy{y{wxexu{mnprl\up!u a dÊ  pO|$ond[e ~dCÔlxmtu{mnprl½¢£d  d[}@wxm  d»Sp  d[vOs a u  vOmtlÐv
~dLu{vOmtotd[y{s a d[xwxotd#¢ a ms a xdCÔl~d[ymnu{ybu{medLu{v|$ondvOlxmtu{y  prwxud7qrmn¤mtl~qE²Å=Å$u a d7otvOsCd[yu a vumtuewxyu
u  v:¤Od  ydO¡·S´	4u  vOs Ï y[¡w$lxsCu{mnprlxyvOlxE$otvu»Sp  eyL¥ `a mtyy	s a d[xw$ondmy~dCÔ%l~d[Ep Ù¹otml~dO¥ 0w  mtl~qÈ  pÙ
q  vOe d&d[sLw~u{mnprlQ¡$vu  vOmtlÊy{s a d[xwxotdªe½v[zY|dªy	w~|d[sCu.up½sCp { d[sCu{mn¤Od7vOsCu{mnprlxy.|@zÈu a dsCprlu  proyzyud[eÊ¥
§mnu a  dLqrv  ½upu a d  d[}@wxm  d[ed[l¸u{y£~dCÔl~d[Èmtl½u a dsLvOyd4yu{wxxz! "r#ë¡@u a dªyprotw~u{mnprl½¢Wd  d[y{d[lu©vOÙ
  d[y	yd[yvuv a mnq a Ù¹ondL¤Od[opO»%v|yu  vOsCu{mnprlepryu  d[}@wxm  d[ed[l¸u{yÝd&~sCdLxu»Sp  u a d.»±vOwxonu;Ùëuprond  vOl$sCdvOyd[sCu{yL¥
  lu a dy{pO»=uË¢£v  dv  s a mnud[sCu{w  d¢Wd  pOprydl~d&uL¡¸u a d»Sw$lxsCu{mnprlxvOotmtu{mnd[yÝpO»u a d  vOmtot¢£v:zsCprl¸u  pro%yzyud[e
v  d½$mtyu  mn|w~ud[vOeprl~qkmnu{ysCpre%prlxd[lu{y7mtl¨v¦evOlxlxd  u a vu  prepOud[y  d[vOoÚÙëu{med  d[yprlxy{mt¤Od[l~d[y{yL¥
§¨dÊ~pÎl~pOu7xmy{sLwxy{y a d  du a dme$ond[ed[l¸u{vu{mnprl ~dLu{vOmtoty7pO»u a dYyzyud[e sCpre%prlxd[lu{yL¥   umty7¢£p  u a
l~pOu{mtsLml~qu a vuÝmlv  pOq  vOeemtlxqd[l¸¤@m  prlxed[l¸u¢mnu a v4y{dL$v  vud.~dCÔlxmtu{mnprl#pO»u a d.yzyud[ev  s a mnud[s×Ù
u{w  dªvOlxÈu a dªsCpreprl~d[lu©sCp~d[y  ´$ Ò WmtlÛ£prl%Û£p¸p    ¡¸d[vOs a sCpreprl~d[l¸u£sCp~dªsLvOlY|%dd&@  d[y{yd[mtl
u a d  pOq  vOe½emtl~q#ovOl~qrwxvqOd¢ a mts a |dLuud  y{wxmnu{yWmnu{y»±wxlxsCu{mtprlxvOotmnuËzO¡»Sp  mtl$yu{vOlxsCd  d[vOoÚÙëu{mtedvOyd[sCu{yL¥
`a d$vd  mty4yu  w$sCu{w  d[!vOy#»=prototp:¢byL¥&%Ým  yuL¡Q¢£d½mtl~»Sp  evOototzkxmty{sLw$y{yªprw  ~d[y	mnqrlÎ  pOpry{vOoÝ»Sp 
u a d  vOmtot¢£v:zksCprlu  proyz@y{ud[e  1d[sCu{mnprl!f  ¥41@d[sCprlxQ¡%¢£d»=p  evOotonz¦~dCÔ%l~d7u a dyuËz@otdpO»Wu a dypO»=uË¢£v  d
v  s a mnud[sCu{w  dpO»u a dsCprl¸u  proÝyzyud[e3wxy{ml~qq  v a q  vOe½ev  yªvOlxE¢Wd~d[y{s  mn|d#u a d~zlxvOemts#dL¤OpÙ
otw~u{mtprl¦pO»u a dv  s a mtud[sCu{w  dmtl¦ud  e½ypO»sCp@p  xmlxvu{mnprl  wxond[y  1d[sCu{mnprlE  ¥ `a m  ¡x¢£dmte$ond[ed[l¸ubv
sCp@p  xmtlxvu{mtprl  wxond4mtlkÛ£prl%Û£p¸p  ' <bpro 3   1@d[sCu{mnprl¦  ¥(%0mlxvOotonzO¡¢£d#xmty{sLw$y{y©u a dotmte½mnu{vu{mnprlxy£pO»0prw 
vx  prvOs a mlYud  ey.pO»Ýd[vOydpO»wxy{dvOlxYd&@  d[y{y{mn¤Od[lxd[y{yL¥
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Û£preond& yz@y{ud[e sLvOl |dydLd[l2vOyYvÍydLupO»#mtl$xmn¤mtxwxvOo£sCpreprl~d[l¸u{yvOl$ vOl2v  s a mtud[sCu{w  dÎ~dCÔxÙ
lxmtlxqu a d[m  otml Ï y.vOl$¦mtl¸ud  vOsCu{mnprlxyL¥ $ l¦d&$otmtsLmnu.~d[y	s  mnxu{mnprl¦pO»Ýv½yz@y{ud[e v  s a mnud[sCu{w  d  pU¤@mtxd[ybv
qronpO|$vOo a mnq a Ù¹ondL¤Od[o$¤mndL¢2pO»Qu a dªyzyud[eÖ¢ a mts a »±vOsLmtotmnu{vud[y£u a dªxmd  d[l¸u a vOy{d[yWpO»Qy{pO»=uË¢£v  d4d[lxqrmtl~dLdCÙ
 mtlxq-öhªv  /.¡ 1xh4/.#ë¥8<bd  dO¡%¢£d7  d[yd[luu a dÔ  yub~d[y	mnqrl¦ a vOyd#pO»v  vOmton¢©v[zÊsCprl¸u  proÝyzyud[e!©u a d
mtl~»Sp  evOo~dCÔ%lxmnu{mnprlÈpO»0mtu{y.sCpreprl~d[lu{ybvOlxÊmnu{y.ypO»Su¹¢©v  d#v  s a mnud[sCu{w  dO¥§¨d  pOpryd4vyprow~u{mnprlYmtl
¢ a ms a sCprlu  pro~pO»$u a d  vOmton¢©v[z7myÉÔ  yuxmtyu  mn|$w~ud[7vOeprl~qonpsLvOo~sCprlu  protond  ysCprlxlxd[sCud[mtlv4l~dLu¹¢£p {Ï
vOlxÊu a d[l¦sCd[lu  vOotmtyd[¦w$y{mtl~qvsCprl¸u  pro a mtd  v  s a z  ydLd%Ýmnqrw  d  ¥
0£ã r ,  7ã  : ã , , ß I/1 §¨dÈxdCÔl~d½v¦otp@sLvOosCprl¸u  prototd  »Sp  d[vOs a u  vOs Ï ¡{wxlxsCu{mnprl!vOl$!$otvu»Sp  e3pO»
u a d  vOmton¢©v[zl~dLuË¢Wp 	Ï- µÃ®23%0mtqrw  d7  mnq a u  ¥ $ onpsLvOo$sCprl¸u  protond  »=p  v  vOmton¢©v[z~dL¤mtsCdbsCpreewxlxmsLvud[y
mtl  d[vOoÚÙëu{mted¢bmnu a u a du  vOmtlxysLw { d[l¸u{onz¦vuªu a d~dL¤mtsCd7vOlxEev:zepxmn»SzYu a d[m  ~dLu{vOmtond[y{s a d[$wxondO¥
B 
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Extended view of a simple network of local controllers1 level
1 level
(network)
%Ýmnqrw  d  $  s a mnud[sCu{w  dpO»Ýu a d  vOmton¢©v[zkÛ£prl¸u  pro1@zyud[e
$ u  vOs Ï sCprl¸u  protond  ev[zepxmn»Sz#u a dy{%dLd[pO»u  vOmlxysLw { d[lu{onz7prlu a du  vOs Ï Ç@v£{wxlxsCu{mtprlsCprlu  proond 
ev:z  d[xm  d[sCu.u  vOmlxy.u a  prwxq a u a d©{wxlxsCu{mnprlYup  d[ypron¤Od4pOud[l¸u{mtvOoQsCprototmy{mnprlxyLÇ~votvu»=p  e sCprlu  proond 
ev:zYxd[otv[zu  vOmtlxy.vOl$ a vOlxxotd[y©u a dvOxxmnu{mtprlvOl$  d[epU¤IvOoÉpO»u  vOmlxy.mtlYu a d  vOmon¢£v:zlxdLu¹¢£p {Ï ¥W§¨d
~pl~pOu©  pU¤@m~dotp@sLvOosCprl¸u  protond  yW»Sp  yu{vu{mnprl$yLÇxvu  vOmtlYvuvyu{vu{mnprl¦mty©evOl$vqOd[Y|¸zÈu a d4sCprlu  proond 
pO»xu a d.yu{vu{mtprl7otvu»=p  e ¢ a d  d£mtumtyL¥0§ a d[l~dL¤Od  pry{y{mn|$otdO¡Iy{s a d[xwxotdWsCprlxyu  vOmtlu{yÝv  d.yprot¤Od[7|@z#onpsLvOo
sCprl¸u  protond  y£mtlp  ~d  up7  prepOud  d[vOoÚÙëu{med  d[yprlxy	mn¤Od[l~d[y{yL¥ `a myxmty{u  mn|$w~u{mtprl7pO»QsCprl¸u  pro|dLu¹¢£dLd[l
onpsLvOo.sCprlu  protond  y  p:¤mt~d[yed[vOl$y»=p  sCprl$sLw { d[lxsCz vOlx u a wxylxvu{w  vOotonz otd[vOxyupÍv¨xmty{u  mn|$w~ud[
d&d[sLw~u{mnprl¦pO»ÝonpsLvOoQsCprl¸u  protond  yprl¦vsCpre$wxud  l~dLu¹¢£p {Ï ¥
 kß  âã  ã  0Wã  ,  7ã  : ã , , ß I/1 QpsLvOo0sCprlu  proond  y a v[¤Odv½¤mndL¢¿pO»u a d7y{z@yud[eÕyu{vud¢ a ms a
mtyotmte½mnud[ÍupÎu a dÊu  vOmtlxysLw { d[l¸u{onzÍvuu a d¦xdL¤@mtsCdYu a dLz\sCprlu  proÃ¥   l\p  ~d  up¨~d[sLmt~dÊsCp { d[sCu{mn¤Od
vOsCu{mnprlxyprl¨y{s a d[$wxond[yL¡QvYonpsLvOosCprlu  protond  ev:z  d[}@wxm  dmtlx»=p  e½vu{mnprlÎv|%prwxuu a du  vOmtlxy4onpsLvud[¨vu
l~d[mnq a |prw  mtlxq½~dL¤mtsCd[yL¥ `a wxyL¡mnuªev[zEmtlud  vOsCu¢mnu a u a dsCprl¸u  prototd  yªevOlxvqrmtl~qYmnu{yªl~d[mnq a |prw  mtlxq
~dL¤mtsCd[yL¥ $ u  vOs Ï sCprl¸u  protond  sCpree7w$lxmtsLvud[y¢mnu a u¹¢£p.{wxlxsCu{mnprlsCprl¸u  prototd  yL¡ruË¢Wp7$otvu»Sp  esCprlu  proÚÙ
ond  ybp  v4w$lxsCu{mnprl¦vOlxv½otvu»=p  eÜsCprlu  protond  ¥ $ {wxlxsCu{mnprlksCprlu  proond  mlud  vOsCu{y¢bmnu a u a  dLd7u  vOs Ï
sCprl¸u  protond  y[¥ %~p  y{mte$omtsLmnu¹zO¡¢Wdprlxonz¨sCprlxy	mt~d  {wxlxsCu{mtprlxyotmtl Ï mtlxqÊu a  dLd½u  vOs Ï y7¢ a mts a sLvOl y{d  ¤Od
upep~d[orwxl$sCu{mnprlxy©otmtl Ï mtl~q7ep  dªu a vOlu a  dLdªu  vOs Ï yL¥ $ $otvu»Sp  e¼sCprl¸u  protond  sCpreewxlxmsLvud[y©¢bmnu a
prl~dp  uË¢Wp\u  vOs Ï sCprlu  proond  yL¥ `a dkmtl¸ud  vOsCu{mnprlxyÈ|dLu¹¢£dLd[l2otp@sLvOosCprlu  proond  y½xdCÔl~dkv ypO»=uË¢£v  d
v  s a mnud[sCu{w  d#¢ a mts a emtemtsLy©u a d4upO%protpOqOzpO»Ýu a d  vOmton¢©v[zYl~dLu¹¢£p {Ï ¥
 7ã  : ã , ß IxI à 1 0wxdÊupEu a d[m  otmtemnud[ ¤mndL¢¼pO»bu a dÊyzyud[e yu{vudO¡©onpsLvOo£sCprl¸u  prototd  yv  d
l~pOukv|ond¨up  d[yprot¤Od!vOotosCprlxyu  vOmtlu{y¦prl u a d!u  vOmlxyÊy{s a d[xwxond[yL¥ 5p  dLpU¤Od  ¡u a dÍeprlxmnup  mtlxq\pO»
u a dÎyzyud[e vOotyp  d[}¸wxm  d[yÈv\ep  dEsCd[lu  vOotmtyd[2¤mndL¢ pO»u a dEyzyud[e yu{vudO¥ %~p  u a d[yd  d[vOy{prlxyL¡
¢£dÈy{w~d  meprydv a mtd  v  s a zÎpO»  dLqrmnprlxvOo£vOlx a mnq a Ù¹ondL¤Od[oWsCprlu  protond  y#p:¤Od  u a dl~dLu¹¢£p {Ï pO»onpsLvOo
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1@d[sCprlxQ¡£¢£d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k|¸zku a d  dLqrmtprlxvOovOl$ a mtq a Ù¹ondL¤Od[oÉsCprl¸u  prototd  yL¥
`a dEwxyd  yYmtl¸ud  vOsCu¢bmnu a u a d  vOmton¢©v[z sCprl¸u  proªyzyud[e u a  prw~q a u a d[y{dEsCprl¸u  protond  yL¡bmtl p  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vÍ»Sp  evOob~dCÔlxmnu{mtprlÐpO»mnu{y
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 ²O³;µL¶·S¯¹´	µ[¯±º³²Åb«C¯±ÀÅn´C«  $ $ h/. ë¥ `ba d¦l~pOu{mnprlÐpO»4yuËz@otdkmty
»Sp  evOotonz7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q  v a q  vOe½ev  yL¥
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 »Sp  y{z@yud[e sCpre%prlxd[lu{yvOlx\d[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1wxs a  d[otvu{mnprlxysCp { d[yprlxupYl~p@xd[ypO»
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 lxprlÙëud  emtl$vOoty  ¢  mtuud[lÍmtl mnu{vOotmts  sLvOl\|d½mtl¸ud    dLud[ÍvOysCprlxyu  w$sCup  y
pO»bv  u{y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xwxsCu{mtprl  w$ond[y#¢ a d  d
u a d#v~mnpreÜmy.ev {Ï d[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